Abstract: Increased forest productivity has been obtained by improving resource availability through water and nutrient amendments. However, more stress-tolerant species that have robust site requirements do not respond consistently to irrigation. An important factor contributing to robust site requirements may be the distribution of biomass belowground, yet available information is limited. We examined the accumulation and distribution of above-and below-ground biomass in sweetgum (Liqrridambar sfyrac$lua L.) and loblolly pine (Pinus taeda L.) stands receiving irrigation and fertilization. Mean annual aboveground production after 4 years ranged from 2.4 to 5.1 ~g.ha-'.year' for sweetgum and from 5.0 to 6.9 ~g.ha-l.year-l for pine. Sweetgum responded positively to irrigation and fertilization with an additive response to irrigation + fertilization. Pine only responded to fertilization. Sweetgum root mass fraction (RME) increased with fertilization at 2 years and decreased with fertilization at 4 years. There were no detectable treatment differences in loblolly pine RMF. Development explained from 67% to 98% of variation in shoot versus root allometry for ephemeral and perennial tissues, fertilization explained no more than 5% of the variation in for either species, and irrigation did not explain any. We conclude that shifts in allocation from roots to shoots do not explain nutrient-induced growth stimulations.
Introduction
Forests constitute a large carbon sink; with the rise in global temperatures and atmospheric CO,, plantation forests have potential for carbon sequestration because of their rapid initial growth rates (Lemus and La1 2005) . With 13 x lob ha of plantation pine forests, the southeastern United States is the vanguard of production forestry (Fox et al. fertilization, and pest management (Stanturf et al. 2003) . Intensive management treatments have resulted in a 10-fold increase in sweetgum production (Nelson et al. 1995; Allen et al. 20056) . Resources drive productivity, especially on sites with limited availability. However, the extent to which resource availability drives productivity varies among tree species and site quality. For instance, both nutrient and water availability affected eastern cottonwood (Populus deltoides Bartr.) and American sycamore (Platanus occidentalis L.) productivity in the humid southeastern United States, where growing season precipitation is frequent and vapor pressure deficits are low (Lockaby et al. 1997; Coyle and Coleman 2005) . Numerous studies suggest that nutrient, not water, availability is key for optimum sweetgum (Lockaby et al. 1997; Samuelson 1998) and pine , and references therein) growth in the humid southeastern United States. Other studies suggest hardwoods, including sweetgum, will respond to irrigation (Allen et al. 2005~) . Tolerance of xeric conditions by sweetgum would be consistent with its robust site requirements, similar to loblolly pine, and in contrast to the nmow high-resource requirements of cottonwood and sycamore. Therefore, comparing the response of sweetgum and loblolly pine with resource availability is important to understand the basis of their robust site requirements. Does the response of sweetgum to water and nutrient availability group functionally with more demanding hardwood species or with the more tolerant loblolly pine? We are not aware of side by side comparisons of sweetgum and loblolly pine where irrigation and fertilization have both been applied separately and in combination: One study has been conducted in the southeastern United States (Samuelson et al. 2004 ) that examined loblolly pine growth receiving similar irrigation and fertilization treatments: after 6 years, increasing resource availability greatly accelerated stand development and biomass accumulation.
Belowground biomass proportions in trees are affected by a combination of resource availability and age. Increased resource availability causes greater stem production, as a result of allocation to aboveground biomass components at the expense of roots (Linder 1989) . This can be a desirable trait for productivity purposes and has been demonstrated in hardwoods (Barton and Montagu 2006) and conifers (Axelsson and Axelsson 1986; Albaugh et al. 1998) . However, it is important to compare trees at developmentally, not chronologically, similar stages (Reich 2002; Coyle and Coleman 2005) . The fraction of production that is allocated to belowground tissues decreases with stand age (Bernard0 et . al. 1998; Coyle and Coleman 2005) . Fertilization can cause this shift in allocation to occur more quickly. Therefore, separating the effects of resource-induced versus age-related changes in biomass distribution is necessary to understand controlling factors (Ledig et al. 1970; Reich 2002) . Distinguishing age-related controls of biomass distribution requires multiple sampling dates. Intensively managed forests provide an excellent model system to address questions regarding productivity and belowground biomass proportions in response to resource amendments, because rapid growth allows samples to be collected across time periods that are meaningful to stand development. Furthermore, forest plantations are much more uniform, because they can be located on sites with consistent soil characteristics, can be planted with identical genetic stock, and can receive cultural treatments that eliminate competing understory vegetation (e.g., Adegbidi et al. 2004; Coleman et al. 2004~) . This uniformity minimizes variation and allows greater precision to distinguish temporal and environmental influences.
This study examined the above-and below-ground response of sweetgum and loblolly pine grown with a twoway factorial of irrigation and fertilization in an intensively managed forest plantation. We hypothesized that (i) tree growth in the humid southeastern United States is limited more by nutrient availability than by water availability, and this will occur in both sweetgum and loblolly pine because both species are tolerant of a broad range of site conditions, and (ii) that belowground biomass proportions would be altered under different levels of resource availability in trees of the same age. Specifically, we predicted that lower amounts of biomass would be allocated to belowground tissues under increased resource availability.
Materials and methods
The site, plant materials, sampling methods, and experimental design were described previously (Coleman et al. 2004b; Coyle and Coleman 2005; Coleman 2007 ); a brief description follows.
Site description and preparation
The experiment was conducted at the US Department of Energy Savannah River Site, a National Environmental Research Park, located near Aiken, South Carolina, in the Carolina Sand Hill physiographic region (33"23'N, 8 l "40'E) . Previously, plantation pine with an oak understory grew on this predominately Blanton sand soil (Coleman et al. 2004b) . Site preparation included homogenizing the forest floor, stumps, and all coarse woody debris (<I5 cm diameter) to a depth of 30 cm. Pest control measures were used on all treatments, and understory vegetation was controlled completely with herbicides to eliminate concerns over belowground biomass accuracy. For experimental consistency, lime was applied-to the entire site at a rate of 3.4 Mg-ha-l to increase soil pH to 6.5 (Coleman et al. 2004b) . By choosing a site with consistent soils and low endemic moisture and nutrient levels, we were confident that our results were not confounded with other factors but were produced by the water and nutrient amendments.
Plant material
Four tree species were included in this experiment (Coleman et al. 2004b ); here, we report results for sweetgum (half-sib family WV340 from Westvaco Corp., Summerville, South Carolina) and loblolly pine (half-sib family 7-56 from International Paper Co., Lumberton, North Carolina). Bareroot 1-0 seedlings were hand planted during February 2000.
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Experimental design
Treatment plots (0.22 ha) contained 294 trees planted at 2.5 m x 3 m spacing; within a plot, the central 54 trees constituted the 0.04 ha measurement plot. Destructively harvested trees were chosen from large borders located on the ends of each plot. Treatments consisted of control (C), imgation (I), fertilization (F), and irrigation + fertilization (IF).
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Within each of three blocks, the four treatment plots were replicated with all plots of a given species grouped together to minimize within-block site gradients in a randomized complete block factorial design (Coleman et al. 2004b) . Drip irrigation applied up to 5 mm of water daily to meet evaporative demand. During the reporting period, mean annual rainfall at the site was 982 mm. A mean of 494 mm of additional water was supplied to irrigated plots during the 2000-2003 growing seasons. We applied a complete liquid fertilizer through the drip irrigation at rates of 40 kg N.ha-'.year1 in years 1 and 2. and 80 kg Naha-layear' in years 3 and 4. Increasing annual application rates correspond with increasing demand of growing trees. Other nutrients were applied in balance with N at the following rates (kg.ha-'.year1) in year 1 and 2 and doubled in years 3 and 4: P, 22; K, 42; B, 1.57; Mn, 0.35; Zn, 0.21; Cu, 0.07; Mo, 0.00071 (Coleman et al. 2004b) ; the main exception was that P was not included in years 2 and 4. Annual fertilizer treatments were applied in 26 weekly applications with the drip irrigation system, except that P in year 3 was applied as a single spring application. To maintain experimental control, 5 mrn water9week-I was applied to nonfertilized plots, because the same amount was required to deliver fertilizer and flush drip tubes in fertilized plots. Consequently, an additional 130 mm of water was delivered to nonirrigated treatment plots (i.e., C and F) annually. All treatments were applied from 1 April to 30 September during 2000-2003.
Growth measurements
Basal diameter, height, and diameter at breast height (DBH, 
Fine root biomass
We randomly sampled five locations for fine root biomass (<5 mm diameter) in each plot during November 2001 and 2003. A detailed description of fine-root biomass sampling methods is provided by Coleman (2007) . Briefly, we removed 4.9 cm diameter cores from 0-15, 15-45, and 45-105 cm depths. Roots were elutriated from soil (Gillison's Variety Fabrication, Inc., Benzonia, Michigan), and live roots (<5 mm) were then manually separated from remaining organic matter, dried (60 "C), and weighed.
Dormant biomass
Whole-tree destructive harvests were conducted during dormancy following the 2001 and 2003 growing seasons. Within a species, five trees (one or two per plot) were sampled in each treatment. The sample trees for a treatment were stratified based on diameter, so the entire size range of each species by treatment combination was represented.
Aboveground biomass was separated into branch and stem (and leaf for loblolly pine) components for each sample tree. The entire tissue sample was collected from each tree in 2001. Stem, branch, and leaf fresh masses were measured in the field in 2003, and representative subsamples were removed to determine water mass. All tissues were dried to constant mass at 60 "C prior to weighing. To determine the relative proportions of bark and wood, bark was separated from the wood in a 5 cm segment at the top, middle, and bottom third of each stem. Total stem dry mass was multiplied by this proportion to estimate total bark and wood biomass.
We separated woody belowground biomass into stump and coarse r&t components. stumps were removed using a mechanical tree spade (model TS34C; Bobcat Co., West Fargo, North Dakota). A total volume of 0.18 m-as removed, which was a cone of 1 m diameter and 0.69 m depth. Soil was rinsed off and coarse roots (>5 mm diameter) removed. Whole stumps were dried and weighed in 2001, whereas fresh stump masses were measured in the field with subsamples removed to determine water mass in 2003. We estimated peripheral coarse root biomass by digging three random 0.19 m2 holes that were 30 cm deep within the sampled tree's growing space yet outside of the 1 m2 stump sampling area (Coleman 2007) . All coarse roots (>5 mm) were collected from the samples and soil was rinsed prior to drying and weighing. No roots greater than 5 mm diameter were seen exiting the bottom of these coarse root sampling locations.
Biomass calculations and statistical analysis
We used power functions with diameter as the independent variable (Parresol 1999; Coyle and Coleman 2005) to estimate leaf (loblolly pine only), bark, wood, branch, stump, and coarse root biomass for all live trees in each plot. We calculated individual tree biomass values as a function of diameter by performing nonlinear regression (PROC NLIN; SAS Institute Inc.. Cary, North Carolina) and scaled to an area basis by summing the biomass values for all live measurement plot trees and dividing by plot area. Sweetgum leaf biomass was estimated from leaf litter collections taken from three 0.22 m2 baskets per plot; loblolly pine leaf litter was collected in the same manner and also added to live pine leaf biomass. Litter was collected monthly and dried to constant mass at 60 "C prior to weighing. Plot means were obtained from the three baskets and expressed on an area basis. Shoot biomass was the sum of branch, bark, and wood biomass; leaf biomass was also included for loblolly pine. Root biomass was the sum of stump, coarse root, and fine root biomass. Although we present regression parameters for shoot, root, and total biomass, we analyzed these variables by summing the individual tissue components. This approach allowed us to include fine root biomass and leaf litter-variables that, because of the sampling scheme, could not be attributed to a single individual as the other variables could. Root mass fraction (RMF) was calculated as root biomass/total biomass. Mean annual production (aboveground, belowground, and total) was calculated as biomass (shoot, root, and total, respectively) divided by the number of growing seasons.
We used plot means (i.e., plot considered as the experimental unit) to analyze biomass components. This method adequately accounts for variance among plot means but eliminates variance among sample trees used to develop regression equations (Parresol 1999) . Therefore, the total variance used in the ANOVA may have been less than that among sample trees. We assumed that individual tree variance equilibrates according to the central limit theorem because of the large number of trees per plot (n = 54).
We analyzed species and treatment effects in a three-way among-subjects factorial split plot over time. The statistical model was
where i is the species effect, j is the fertilization effect, k is the irrigation effect, I is the year effect, and rn is the block effect. In this model, species was treated as the fixed wholeplot factor; block was treated as a random factor, whereas irrigation and fertilization were treated as fixed subplot factors. The crossing of block (w) and species (a) in the model signifies that the interaction of these two factors will be used as the error term for the whole-plot factor. Biomass for various tissue components, mean annual production, and RMF were analyzed using the above model. In 2001, many measurement trees were not large enough for DBH measurements; therefore, we analyzed height, diameter, and basal area using only 2003 data in a similar model without the year factor. Repeated measures analyses require that the covariance structure be modeled for each response variable. Therefore, we analyzed each response using common covariance structures and used Akaike's information corrected criterion (Burnham and Anderson 1998) to determine which structure best fit each model. Denominator degrees of freedom were computed according to the Kenward-Roger method (Kenward and Roger 1997). All analyses were performed using the mixed-model procedure (PROC MIXED) of SAS (version 9.1.3; SAS Institute Inc., Cary, North Carolina) with a type-I error rate of 0.05. Treatment means were compared using Fisher's least significant difference (LSD) test. When interactions occurred, we performed tests of simple main effects using the SLICE option in the LSMEANS statement of PROC MIXED (Schabenberger et al. 2000; Littell et al. 2006 ). We performed Shapiro-WiIk tests (the SAS UNI-VARIATE procedure) to test the assumption of normality. Repeated measures analyses (PROC MIXED) account for correlations within experimental units through time as well as possible heterogeneity of variances within experimental units. RMF data are proportional and presented as such throughout the report; however, data were arcsine square root transformed to achieve normality for statistical tests (Zar 1996) .
We used allometric relationships to distinguish effects of development from resource availability on biomass allocation (Ledig et al. 1970; Hunt 1978; Coleman et al. 2004a) using the linear form of the model y = mk: [I] l n y = a ' + k l l n x where x and y are the compared tissue components, and a' and k' are predicted parameters. Differences in the allometric coefficient, #, among treatments indicate changes in allocation (Hunt 1978) . When y represents the belowground fraction. an increase in k is due to a greater root fraction. We examined coefficients of factors within ANCOVA models to examine differences among treatments (Coyle and Coleman 2005) . Differences in k' among treatments were identified by a significant interaction between treatment factors and the covariate. We tested treatment differences in V using the estimate statement in PROC MIXED (Littell et al. 2006 ). We used a stepwise multiple regression to assess the combined explanatory power of development and treatment effects on allometric relationships (the SAS REG procedure). Relationships were analyzed for woody root versus woody shoot (i.e., coarse root and stump vs. bark, wood, and stump); ephemeral root versus ephemeral shoot (i.e., fine root vs. leaf); and the combination of woody and ephemeral tissues. We used leaf litter for the sweetgum analyses and the combination of leaf litter and leaf for loblolly pine. Saturated models included biomass, fertilization, and irrigation; irrigation was not included in any of the the final models and, therefore, was left out of the results table. We analyzed these relationships separately for each species using log-transformed biomass values. We performed residual analyses by plotting residuals versus predicted values and retained all data points (n = 24) in the final models. An alpha of 0.10 was the significance level used for parameter inclusion.
Results
Four-year stand characteristics
For a given treatment, diameter and basal area differed significantly between species, but height did not (T,able 1). Loblolly pine diameter was 22% larger, and basal area was 49% larger than in sweetgum. Trees in fertilized treatments (F and IF) had 28% larger diameter, 61% larger basal area, and 19% larger height than nonfertilized treatments (C and I) ( Table 1) . Neither irrigation nor any interaction between species, fertilization, nor irrigation was significant for any stand characteristic at 4 years of age ( Table 1) .
Annual biomass production
Mean annual production was similarly affected by species, sample period, and treatments. Aboveground mean annual production was similar between species after 2 years but was larger in loblolly pine than sweetgum after 4 years (Y x S interaction, Table 2), whereas belowground mean annual production was larger in sweetgum at both sampling periods (S main effect, Table 2 ). Total mean annual production was similar between species after 2 years and was larger in loblolly pine after 4 years (Y x S interaction, Table 2). Aboveground, belowground, and total mean annual production was positively affected by fertilization in both species and the magnitude of response increased with age (Y x F interaction, Table 2 ). Total mean annual production rates were >63% higher in trees receiving fertilization compared with unfertilized trees. Irrigation did not result in increased aboveground or total mean annual production but did result in increased belowground mean annual production in sweetgum. whereas loblolly pine exhibited no response (S x I interaction, Table 2 ). Aboveground mean annual production was 24% larger than belowground in sweetgum and 62% larger in loblolly pine.
Biomass accumulation
Biomass components of harvested trees were well correlated with stem diameter. The parameters for equations used to calculate biomass and their correlation coefficients from the 2003 harvest data are provided in Appendix A.
Biomass differed between species and the relative ranking changed over time. After two growing seasons, sweetgum total biomass was 83% larger than loblolly pine; however, after four growing seasons, total biomass between the two species was nearly identical (Y x S interaction, Table 3 and Fig. 1 ). After 2 years, sweetgum total biomass ranged from 3.4 to 7.1 Mg.ha-l, whereas pine total biomass ranged from 1.7 to 4.3 Mg.ha-l. After 4 years, sweetgum total biomass ranged from 21.9 to 40.8 Mg-ha-'. and pine total biomass ranged from 22.6 to 41.6 Mg.ha-l. Shoot biomass was similar between species after 2 years but larger in loblolly pine after 4 years (Y x S interaction, Table 3 ). Sweetgum root biomass was greater than loblolly pine at both sampling periods but the magnitude of difference decreased between 2 and 4 years (Y x S interaction, Table 3 ).
The ranking of biomass components also changed over time. There was a shift from predominately ephemeral leaf and fine root components in the 2001 harvest to woody perennial components in 2003. For example, sweetgum belowground biomass consisted of 47% fme roots after 2 years and of only 27% after 4 years. In loblolly pine after 2 years, leaves comprised 49% of aboveground biomass, and fine roots comprised 45% of belowground biomass. After 4 years, leaves comprised only 26% of aboveground biomass, and fine roots comprised 18% of belowground biomass.
Biomass components responded positively to fertilization with few exceptions. Composite (shoot, root, and total) tissues responded positively to fertilization in both species and the magnitude of response increased with age (Y x F interaction, Table 3 ). Individual tissues (leaf, bark, wood, branch, stump, coarse root, and fine roots) generally responded positively to fertilization, and the magnitude of the response increased with age except for fine roots (Y x F interaction, Table 3 ). However, sweetgum leaf and bark tissue did not respond positively after 2 years, and fine root tissue did not respond positively after 4 years, whereas loblolly pine fine root tissue did not respond after 2 years (Y x S x F interaction, Table 3 ).
Irrigation elicited some positive biomass responses in sweetgum and some negative biomass responses in loblolly pine, both of which were more pronounced belowground. composite root tissue responded kith 11% larger biomass in sweetgum receiving I relative to C treatments, whereas loblolly pine receiving I experienced a 26% reduction rela- "Total shoot = branch + bark + wood + leaf; leaf litter was used as a surrogate for leaf bionlass in sweetgum because harvests were conducted in the dormant season. *~o t a l root = stump + coarse root + fine root. Total biomass = total shoot + total root. tive to C treatments (S x I interaction, Table 3 ). Irrigation resulted in increased wood and coarse root tissue biomass in sweetgum in both sampling periods (S x I interaction, Table 2 ). Irrigation increased sweetgum bark biomass at 2 years but reduced loblolly pine bark and coarse root biomass at 4 years (Y x S x I interaction, Table 3 ).
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Belowground biomass proportion
RMF responded to treatments differently according to species and sampling time (Y x S x F interaction, P = 0.0038). RMF was always larger in sweetgum than in loblolly pine and generally decreased with age in both species (Fig. 2) . Fertilization increased sweetgum RMF at 2 years and reduced RMF at 4 years but did not affect loblolly pine (Fig. 2) . Irrigation did not affect RMF of either species.
Allometric relationships demonstrate that relative belowground biomass distribution was predominantly controlled by stand development (P c 0.0001) ( Table 4 ). The allometric coefficient, k', derived from these relationships (eq. 2)
shows that, in sweetgum, there were important treatment effects, primarily because of fertilizer (Table 5 ). Treatments caused little or no response in loblolly pine (Table 5 ). In sweetgum, we observed decreased k' with fertilization, which indicates a greater proportion of the biomass occurred in shoots (Fig. 3) . A similar response was observed when sweetgum fine roots were compared allometrically with 
Sweetgum
Lobloly Pine leaves and when woody root tissues were compared with woody shoot tissues (Table 5 ). Treatment differences in allometric relationships allow us to determine the relative amount of variation explained by development compared with resource availability. When considering woody perennial belowground versus aboveground biomass, developmental factors explained 98% of the variation in sweetgum and 99% of the variation in loblolly pine (P < 0.0001); fertilization only explained 0.3% of the variation in sweetgum and 0.1 % in pine. For ephemeral tissues (fine root vs. leaf), development explained 67% of the variation in sweetgum and 78% of the variation in loblolly pine (P < 0.0001); fertilization explained 5% of the ephemeral tissue variation in sweetgum but did not explain any variation in loblolly pine. The amount of total root versus total shoot biomass explained was intermediate, because they are a mix of woody and ephemeral tissues.
Discussion
Effect of resource amendments on growth and production Increased nutrient availability had a greater positive effect than did water availability on the growth and productivity of both tree species, thus supporting our first hypothesis. Tree productivity in both species was positively affected by fertilization. The southeastern United States has a very humid climate with regular growing season precipitation and low vapor pressure deficits; consequently, nutrient, not water, availability is often the limiting growth factor in forest systems. Additionally, ambient soil nutrient levels in our study were quite low (Coleman et al. 2004b) ; thus, these growth responses further support our initial hypothesis. Both sweetgum and loblolly pine are considered to be tolerant of a wide range of site conditions in the southeastern United States including droughty upland sites.
Our study suggests that, for the species tested, loblolly pine is slightly more drought tolerant than sweetgum; sweetgum did show a small response to imgation, whereas loblolly pine actually showed a negative response. Also, sweetgum maintains greater leaf area during the growing season with greater transpiration rates (Samuelson 1998) compared with loblolly pine (Coleman et al. 2004b , Allen et al. 2005a , which can lead to increased water loss during the hot summers in this region. However, the sweetgum irrigation response was subtle compared with that of more resource-demanding species having narrow, high-resource site requirements such as cottonwood and sycamore (Coyle and Coleman 2005) . Three-year-old cottonwood and sycamore production increased 81% and 119%, respectively, in response to imgation only, compared with a 9% increase in 4-year-old sweetgum. Only certain sweetgum biomass components were positively affected by imgation, but most cottonwood and sycamore biomass components showed increased biomass (Coyle and Coleman 2005) . In the southeastern United States, the effects of imgation on sweetgum growth and biomass accumulation vary. For example, sweetgum growth nearly doubled with imgation in southeastern Georgia (Allen et al. 2005b ), but only leaf biomass was positively affected in southwestern Georgia (Samuelson 1998) . In Alabama, irrigation had no effect on sweetgum growth (Lockaby et al. 1997) . The response of sweetgum suggests that it is more tolerant of low water availability than the other hardwoods and, in this regard, more closely groups functionally as drought tolerant with the softwood loblolly pine. Nonetheless, there is a response to irrigation in sweetgum that is absent in loblolly pine. Therefore, from a functional, ecological perspective, sweetgum is similar to loblolly pine because of its very minimal response to imgation, and yet the fact that it responds at all makes it unique as well.
Irrigation in dry climates often elicits a positive growth response from commercial timber species; however, the effects on drought-tolerant genera, such as Pinus, are variable. Imgation has been shown to increase the growth of Monlerey pine (Pinus radiata D. Don) (Myers et al. 1996) and longleaf pine (Pinus palustris Mill.) (Prior et al. 1997 ). However, the effects of irrigation on loblolly pine growth are inconsistent. For example, neither diameter nor biomass was significantly increased by the application of irrigation in Florida (Johnson 1990) or Georgia (Allen et al. 2005~) . However, some loblolly pine studies in the southeastern United States have shown positive growth responses to irrigation (Albaugh et al. 1998; Samuelson et al. 2004) . In a comparison of a number of similar irrigation by fertilization studies, Linder (1989) concluded that nutrition is the major factor limiting production; however, in arid regions, production potential cannot be achieved without irrigation (e.g., Linder 1989 ). This does not appear to be the case for many studies conducted with loblolly pine in the humid southeastern United States. This is a unique study in that we provide detailed aboveand below-ground biomass for intensively managed sweetgum receiving both imgation and fertilization treatments. Annual sweetgum growth has been reported as linear (Buckner and Maki 1977) , whereas loblolly pine growth is known to increase exponentially after the second or third growing seasons (Adegbidi et al. 2004; Samuelson et al. 2004) . We observed a similar response: sweetgum was substantially larger than loblolly pine after two growing seasons, but the difference was nearly nonexistent after season four.
Fertilization was the dominant driver of sweetgum pro- Woody root, stump + coarse root.
*woody shoot, branch + hark + wood ductivity in this study. Sweetgum aboveground growth was 79% greater in fertilized trees compared with nonfertilized trees, primarily because of an increase in wood biomass. Greater relative treatment differences have been reported (Satnuelson 1998; Allen et al. 2005a ), but maximum mean annual stem production in our study was high compared with most reports from the southeastern United States (Table 6 ), including several employing higher fertilization rates. Only Allen et al. (2005a) reported greater mean annual stem production rates, but these trees were older, more heavily stocked, and received a higher rate of fertilization. Fertilized loblolly pine accumulated at least 51% more biomass than their unfertilized counterparts in every tissue fraction. Stem biomass was 96% greater in fertilized treatments compared with nonfertilized treatments in our study. Total aboveground production for 4-year-old loblolly pine receiving fertilization and herbicide treatments ranges from "Study also received irrigation. b~roundline dianieter was reported; thus, basal area is calculated from groundline diameter.
Value was calculated using a specific gravity for sweetgum wood + bark of 0.454 (Clark et al. 1985) . 
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"Study also received inigation.
'~alue was calculated using a specific gravity value of 0.45; this value has been reported for fertilized 10-year-old P. taeda (Albaugh et al. 2004 ).
s2 Fig. 4 . Allometric relationship between loblolly pine root (MR) and shoot (Ms) biomass. Data kom this study are plotted with those taken from the published reports where aboveground and belowground biomass is available for field studies.
2-3 Mg.ha-'.year1 (Borders et al. 2004; Martin and Jokela 2004) , to 10 Mgha-'.year1 (Samuelson et a] . 2004), and up to 21 Mgeha-'-year1 (Adegbidi et al. 2005) . Our aboveground production of 7.7 Mg.ha-'.year1 fell within this reported range. Stem production in our study compared favorably with other intensively managed loblolly pine studies of similar age in the southeastern United States (Table 7) . Increased fertilization rates (Samuelson et al. 2004; Allen et al. 2005a) or greater stocking levels (Haywood et al. 1997; Adegbidi et al. 2002 Adegbidi et al. , 2005 Allen et al. 2005a ) may be reasons why other studies showed greater stem production rates. Production and volume accumulation are expected to continue increasing until intertree competition exceeds a basal area threshold of 25 m2.ha-I . Pine leaf biomass increased 16% because of fertilization in our study. Borders et al. (2004) observed a similar positive response (18%); however, these responses were relatively small compared with increases of 63% and 72% (Colbert et al. 1990 ) observed elsewhere. Samuelson et al. (2004) observed a 120% increase in leaf biomass, but their study included pesticide application on fertilized plots and no pesticides on the control treatment. We used different genotypes of loblolly pine in our study compared with other studies, and this may also explain observed foliage biomass and production differences.
Effect of resource amendments on biomass distribution
Our second hypothesis that greater resource availability would lead to increased aboveground biomass fractions was confirmed for fertilized sweetgum but rejected for pine. Previous studies have suggested that greater aboveground production due to higher resource availability results from shifts in the proportion of biomass from roots to stem (Johnson 1990; Li et al. 1991 ; Haynes and Gower 1995) . However, most studies do not consider the stage of stand development and simply compare chronologically similar trees. As previously shown with cottonwood and sycamore on this site (Coyle and Coleman 2005) and with loblolly pine (Ledig et al. 1970; King et al. 1999; Will et al. 2002) and eucalyptus (Barton and Montagu 2006) on other sites, stand development, not cultural treatment, is the primary factor driving the shift in the proportion of belowground biomass ( Fig. 4; Table 5 ). Increased resource amendments contribute to faster stand development, which appears to be a treatment effect on RMF in stands of comparable age (Coyle and Coleman 2005) . However, as shown by Ledig et al. (1970) ; King et al. (1999) , and Reich (2002) , development is largely controlling changes in RMF. RMF declines as a function of total biomass in our data (P < 0.04) and is a direct consequence of k being less than unity (Table 5) . Similar developmental declines in RMF have been shown in several tree species, including loblolly pine (Bernardo et al. 1998 : Albaugh et al. 2004 Coyle and Coleman 2005) . Collectively, this information demonstrates the importance of accounting for development when considering the effect of resource availability on the proportion of belowground biomass fractions. Increased growth caused by greater nutrient and water availability will advance development, which will cause a decline in RMF by itself provided k is below unity. If similar aged stands are compared without regard to development, all of the decline in relative belowground production may be erroneously attributed to the applied treatment. To separate the relative impact of development from treatment effects, the allometric approach can be used.
Allometric analysis of our experimental data indicated that there was an effect of fertilization on the proportion of belowground biomass in sweetgum but not in pine. Despite the fact that only 2% of the variation in sweetgum total root versus total shoot was explained by fertilization, it caused a 30% decline in k', indicating that there was an important shift in belowground biomass proportions due to fertilization. Of the five genotypes examined on this study site (see Coyle and Coleman 2005 for comparison with two eastern cottonwood genotypes and sycamore), sweetgum was the only one to show decreased k' with fertilization; in the other hardwood species showing a response, V actually increased.
A similar decline in k' was observed for sweetgum fine root versus foliage; such ephemeral tissues are thought to be most responsive to resource availability (Landsberg and Gower 1997) . We conclude that increased aboveground production due to greater resource availability is largely due to enhanced. development among all the species examined in this study and not the result of a decrease in resourceinduced belowground carbon allocation.
Loblolly pine maintains surprisingly consistent above-and below-ground proportions. There were no differences in RMF or k', even though there was a 61% increase in total biomass between nonfertilized and fertilized plots. Stability of belowground proportions was confirmed by comparing data from other whole tree biomass studies for loblolly pine. Despite a wide physiographic range and large genetic variation, compiled literature reports show allometric proportions are extremely uniform (Fig. 4) . The k' for these . data is near unity, which indicates that root and shoot biomass scale isometrically, confirming developed theory (Enquist and Niklas 2002). Such a consistent scaling factor would be useful for estimating belowground mass based on aboveground mass. The isometric scaling theory has been questioned based on the accuracy of belowground information because of missing fine root fractions during sampling (Robinson 2004) . To minimize questions of belowground data accuracy, we were careful to sample all root classes. Our data confirm that isometric scaling is within the range of uncertainty, and the values fall in line with literature data using various levels of belowground detail. Given that k' is near unity (i.e., the nonlinear form of eq. 1 is a straight line with k' = I), it is then possible to simply estimate belowground biomass based on the multiplier, a'. Using this approach, Albaugh et al. (2006) determined that coarse root biomass could be estimated as one-half of stem biomass. Our results similarly demonstrate that belowground biomass can be estimated as one-third of aboveground biomass. However, it should be emphasized that these simplified relationships assume that k' is unity.
Despite the convenience of predicting belowground biomass as one-third of aboveground biomass assuming k' = 1, such an approach should be used with caution. The allometric equation is inherently nonlinear. We observed k' for pine to have a mean of 0.93 and a 95% confidence interval between 0.85 and 1.01. Assuming k' is unity and using the simplified estimate for root biomass as one-third of aboveground would result in a 40% overestimate of belowground biomass if actual K = 0.93. Such uncertainty will have important commercial, legal, and political repercussions if carbon emission trading relies on such calculations for estimating belowground carbon sequestration. The questions of accurate belowground sampling methods and precise estimate for K demonstrate the need for a more extensive effort to evaluate belowground biomass prior to relying on belowground biomass to decrease elevated atmospheric carbon through soil sequestration. 
R=
Note: Regression equations were of the form ,v = a?, where y is individual tree biomass (gm-'), a and b are model-estimated parameters, and x is DBH (mm). All equations are significant (P < 0.01) "Treatments are as follows: C, control; I, inigation; F, fertilization: LF, irrigation + fertilization.
Votal shoot =branch + bark + wood + leaf, leaf was included for loblolly pine. as it was part of the dormant harvest; sweetgum leaf litter could not be included in the analysis because of the sampling scheme.
'Total root = stump + coarse mot; fine roots could not be included in the equation because of the sampling scheme.
